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Recoding of UGA from a stop codon to selenocysteine poses a dilemma for the protein translation machinery.
In eukaryotes, two factors that are crucial to this recoding process are the mRNA binding protein of the Sec
insertion sequence, SBP2, and the specialized elongation factor, EFsec. We sought to determine the subcellular
localization of these selenoprotein synthesis factors in mammalian cells and thus gain insight into how
selenoprotein mRNAs might circumvent nonsense-mediated decay. Intriguingly, both EFsec and SBP2 local-
ization differed depending on the cell line but significant colocalization of the two proteins was observed in cells
where SBP2 levels were detectable. We identify functional nuclear localization and export signals in both
proteins, demonstrate that SBP2 undergoes nucleocytoplasmic shuttling, and provide evidence that SBP2
levels and localization may influence EFsec localization. Our results suggest a mechanism for the nuclear
assembly of the selenocysteine incorporation machinery that could allow selenoprotein mRNAs to circumvent
nonsense-mediated decay, thus providing new insights into the mechanism of selenoprotein translation.

Selenocysteine, the 21st amino acid, is the defining compo-
nent of selenoproteins, a family whose members exhibit a wide
range of functions, including roles in cellular oxidative status,
male fertility, and thyroid function. Selenoprotein mRNAs are
unique in that they recode UGA, which typically signals ter-
mination to the protein synthesis machinery, to instead specify
cotranslational insertion of selenocysteine. In eukaryotes, this
recoding process involves the assembly of complexes, termed
Sec insertion sequence (SECIS) elements, at specific second-
ary structures in the 3’ untranslated regions of these mRNAs
(5). The complexes include a SECIS binding protein (SBP2)
(13) and a dedicated elongation factor (EFsec) (19, 35) com-
plexed with selenocysteyl-tRNASeISe¢ (for a review, see ref-
erences 4 and 17). Disrupting the functions of the factors
involved in selenocysteine incorporation or limiting selenium
availability results in premature termination of translation at
UGA codons (6, 7, 13, 26, 30, 39). Under these circumstances,
selenoprotein mRNAs are susceptible to degradation through
a process termed nonsense-mediated decay (NMD) (for a re-
view, see references 23 and 31), with different mRNAs exhib-
iting differential sensitivities to the NMD pathway (33, 38).

NMD or mRNA surveillance targets mRNAs containing
premature termination codons for degradation, ensuring that
they do not produce prematurely terminated polypeptides. In
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higher eukaryotes, a nonsense codon is usually recognized as
premature if it is located more than 50 to 55 nucleotides
upstream of the last intron in the pre-mRNA. Sensitivity to
NMD is conferred by the deposition of an exon-junction com-
plex upstream of exon-exon boundaries during mRNA splicing
and export (23). Immunity to NMD is thought to be acquired
upon removal of these proteins during the first round of trans-
lation. However, if an mRNA escapes NMD during the first
round of translation, it becomes immune to subsequent decay
via this pathway. While the protein synthesis machinery is
thought to function primarily in the cytoplasm, mammalian
NMD has been shown, in most cases, to occur on mRNAs that
cofractionate or copurify with nuclei (10); this cofractionation
or copurification is likely due to the association of mRNAs
with the nuclear pore complex during export and concurrent
initiation of the first round of translation.

For selenoprotein mRNAs to avoid NMD, it follows that the
complexes necessary for decoding should assemble on seleno-
protein mRNAs in the nucleus or during export. In this sense,
shuttling events that determine subcellular localization of the
components of the decoding complex may be as important for
selenoprotein synthesis as the presence of selenium or the
expression of these essential components.

To begin to investigate this possibility, we have undertaken
a study of the subcellular localization of the selenoprotein
synthesis factors in several cell lines. We have identified puta-
tive nuclear localization signals (NLSs) and nuclear export
signals (NESs) in EFsec and putative NESs, NLSs, and a po-
tential nucleolar localization signal (NoLS) in SBP2 and have
shown that these signals are functional. We also demonstrate
that the minimal functional domain of SBP2 undergoes nucle-
ocytoplasmic shuttling and provide evidence that nuclear SBP2
may contribute to nuclear retention of EFsec. The implications
of these findings for translational efficiency and NMD of sel-
enoprotein mRNAs are discussed.
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MATERIALS AND METHODS

Constructs, antibodies, and other reagents. Full-length, truncated, and mu-
tated EFsec cDNA with an N-terminal FLAG tag in pUHDI10-3 has been
described previously (35, 39). Inverse PCR was used to make mutations to the
putative NLS in the truncated EFsec as previously described (17). Full-length
SBP2 ¢cDNA in pCR3.1 was a generous gift of Paul Copeland and Donna Driscoll
(Cleveland Clinic Foundation). SBP2 was subcloned into the pUHD10-3 vector
containing N-terminal hemagglutinin (HA) tag. SBP2 was also subcloned into a
pDONR221 vector and recombined with a pcDNA-DEST40 vector with a C-
terminal V5 tag using Gateway Technology (Invitrogen, Carlsbad, CA). The
Xenopus tRNASeISe¢ gene in pGEM3 has been described previously (7). Puta-
tive NLS sequences were identified with the PSORTII algorithm (24), and
putative NES sequences were identified manually as ®X;_,®X, ;L.X®P, where O
represents any hydrophobic residue and X represents any residue (16).

Primary antibodies included mouse monoclonal or rabbit polyclonal anti-
FLAG (Sigma-Aldrich, St. Louis, MO), rabbit polyclonal anti-HA (Santa Cruz
Biotechnology, Santa Cruz, CA), mouse monoclonal anti-V5 (Invitrogen), and
rabbit polyclonal anti-SBP2 (generous gift of Paul Copeland). All were titrated
against isotype-control antibody or rabbit preimmune sera, found to be optimal
in sensitivity and specificity at a final concentration of 1:500, and used at this
dilution in subsequent experiments. Secondary anti-mouse or anti-rabbit anti-
bodies included rhodamine, Texas Red, fluorescein isothiocyanate (FITC), and
Alexa 488- and Alexa 586-conjugated (Molecular Probes, Eugene, OR) antibod-
ies used at a final concentration of 1:500. In some experiments, cells were
counterstained with DAPI (4',6'-diamidino-2-phenylindole) (Molecular Probes)
at 1:1,500. For some immunofluorescence assays, rhodamine-phalloidin (Molec-
ular Probes) was used to visualize filamentous actin.

Cell culture, transfections, and subcellular fractionation. HEK-293 human
embryonic kidney, HepG2 human hepatoma, and NIH 3T3 murine fibroblast
cells were cultured in Dulbecco’s modified Eagle’s medium (GIBCO-Invitro-
gen)-high glucose medium with 10% fetal bovine serum (Sigma or Invitrogen) at
37°C and 5% CO,. MSTO-211H human mesothelioma cells were cultured in
RPMI 1640 (GIBCO-Invitrogen) supplemented with 10% fetal bovine serum
and incubated at 37°C and 5% CO,. Cells were plated on glass coverslips, and at
18 to 24 h, transfections were performed using either a standard calcium phos-
phate method (8) or commercially available FuGene 6 (Roche) or TransIT-LT1
reagent (Mirus Bio Corporation, Madison, WI) according to the manufacturer’s
instructions. All transfections involving pUHD10-3 also included pUHDI15 as
transcriptional activator as previously described (22). Medium was supplemented
with 100 nM sodium selenite 24 h after transfection. Subcellular fractionation
was carried out by lysing cell pellets in 50 mM HEPES, pH 7.5, 75 mM NaCl, 40
mM NaF, 10 mM iodoacetamide, 0.25% Triton X-100, and 0.5 mM phenylmeth-
ylsulfonyl fluoride, pelleting and washing nuclei, and lysing nuclei in the same
buffer containing 350 mM NaCl. This was followed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and Western blotting with the indi-
cated antibodies. Western blot analyses with antibodies to cytoplasmic (GRB2)
and nuclear (histone H1) markers were carried out to assess the cross-contam-
ination of subcellular fractions. Labeling of endogenous selenoproteins with
sodium [Se[selenite was carried out as described previously (35).

Immunofluorescence microscopy. Immunofluorescence assays were per-
formed 48 to 72 h after transfection as described previously (1), with modifica-
tions. Cells on slides were mounted in mounting medium with or without DAPI
(Vector Laboratories, Burlingame, CA). Epifluorescence was performed using
an Olympus IX71 microscope with an Olympus U-CMAD3 camera and Mi-
croFire 1.0 software (Optronics, Goleta, CA). Confocal microscopy was per-
formed in a Bio-Rad MRC-1024/2P system interfaced with a Zeiss Axiovert
microscope.

Heterokaryon experiments. Heterokaryon experiments were carried out as
described previously (29), with modifications. Briefly, human MSTO-211H cells
were plated and transfected as described above. After 48 h, murine NIH-3T3
cells were added at a ratio of approximately 2:1 and allowed to adhere to
MSTO-211H cells for 3 h at 37°C in the presence of 50 pwg/ml cycloheximide
(Sigma-Aldrich), followed by 100 pg/ml for 30 min to inhibit protein synthesis.
Cell fusion was then carried out by removing the medium and adding 50%
(wt/vol) polyethylene glycol for 5 min at 37°C. The fused cells were then washed
five times with phosphate-buffered saline, covered in medium containing 100
pg/ml cycloheximide, and incubated at 37°C for 3 h. Cells were then washed,
fixed, permeabilized, and stained as described above.

Selenoprotein mRNA quantitation. For comparison of the selenoprotein
mRNA levels in HepG and HEK-293 cells, two 60-nucleotide-long oligonucle-
otide probes (37 to 60% GC) were designed for each gene, with positioning as
close as possible to the 3’ end. Sequences were analyzed for the absence of
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secondary structure and cross-hybridization elsewhere in the genome. Probes
were spotted onto GeneScreen Plus nylon membranes by using a V&P Scientific
(San Diego, CA) 1,536-pin replicator and immobilized by alkali treatment. Total
RNA (2 pg) was labeled via oligoT-directed first-strand cDNA synthesis using
400 U of murine leukemia virus reverse transcriptase (Invitrogen, Carlsbad, CA)
and alpha-33P-dCTP (40 pCi). cDNA was purified using QIAquick PCR col-
umns (QIAGEN, Valencia, CA), heat denatured, and hybridized in triplicate to
arrays in MicroHyb buffer (Research Genetics, Huntsville, AL) overnight at
60°C. Arrays were washed with 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) and 0.5% SDS at 50°C, followed by 1 to 2X SSC and 0.5% SDS
at 65°C, and then exposed to phosphor storage screens and signals quantified
using a Molecular Dynamics PhosphorImager (Sunnyvale, CA). Signal readings
were taken for each spot, and background readings were taken at empty spots.
Raw data was further automatically processed using Microsoft Excel. Spot read-
ings that failed to exceed the average background value by more than 3 standard
deviations were excluded from the analysis. The remaining readings were scaled
by the average signal in selected steadily expressed genes and then averaged
among triplicate measurements. For comparison of GPX1 and selenoprotein P
mRNAs in the presence versus the absence of SBP2 transfection, quantitative
real-time PCR was performed on a LightCycler 2 (Roche) by using cDNA
prepared from HEK-293 cells transfected with an either full-length or truncated
version of SBP2 or empty pcDNA DEST40 vector. Student’s unpaired ¢ test was
used to compare means of groups by using GraphPad Prism4 (San Diego, CA).

RESULTS

EFsec and SBP2 contain putative nuclear localization and
export sequences. Analyses of the amino acid sequences of
mouse EFsec and rat SBP2 (GenBank accession numbers
AF268871 and NMO024002, respectively) revealed the presence
of putative nuclear localization and export signals in both pro-
teins. The amino acid sequences of mouse EFsec and rat SBP2
with putative localization signals are shown in Fig. 1. Putative
NLS sequences were identified with the PSORTII algorithm
(24), and putative NES sequences were identified manually as
OX,_,PX, ;L.XD, where ® represents any hydrophobic resi-
due and X represents any residue (16). A putative NES was
identified in the amino-terminal elongation factor domain of
the murine EFsec sequence and was found to be conserved in
the ortholog sequences from Homo sapiens, Drosophila mela-
nogaster, Anopheles gambiae, and Ciona intestinalis but not
from Caenorhabditis elegans or Archaea. A putative NLS was
found in the carboxy-terminal region of the murine EFsec
sequence, overlapping the region we previously identified as
the SBP2 interaction domain (39). This NLS was also found to
be conserved among the human, A. gambiae, and C. intestinalis
ortholog sequences but not among the D. melanogaster, C.
elegans, or Archaea sequences.

Five putative NLSs were identified in the rat SBP2 sequence,
all of these being conserved in the mouse sequence. Three
putative NLSs were identified in the human and A. gambiae
sequences, and two were identified in the D. melanogaster
sequence. The rat and mouse SBP2 proteins were both pre-
dicted to exhibit 74% nuclear localization, while the human, D.
melanogaster, and A. gambiae protein were predicted to exhibit
65, 65, and 52% nuclear localization, respectively. In the rat
and mouse sequences, two and three NLSs, respectively, were
identified in the amino-terminal half of the protein, a region
previously shown to be dispensable for selenocysteine incor-
poration in vitro (14). Another two NLS motifs were identified
in the transactivation (putative EFsec interaction) domain, and
the last was identified in the SECIS binding domain. Four
NESs were predicted in the rat and mouse SBP2 sequences,
three in the amino-terminal and one in the carboxy-terminal
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FIG. 1. Amino acid sequence and primary structure model of EF-
sec and SPB2 with predicted NLS (blue), NES (pink), and NoLS
(green) domains highlighted. (A) Mouse EFsec sequence and model,
with the elongation factor domain in light gray and the SBP2-interac-
tion domain in dark gray. (B) Rat SBP2 sequence and model, with
transactivation domain in light gray and SECIS RNA binding domain
in dark gray. Two RRM motifs previously identified in SBP2 are
underlined. Gray bars in the cartoon schematics indicate the functional
domains mapped previously (for a review, see reference 39 for EFsec
and reference 14 for SBP2).

region. Of these, three were found to be conserved in the
human sequence, whereas only the C-terminal putative NES
was found to be present in the D. melanogaster and A. gambiae
sequences.

Subcellular localization of EFsec and SBP2. To determine
the subcellular localization of full-length EFsec, an epitope tag
was introduced at the amino terminus of the coding region and
localization was assessed by immunofluorescence, following
transient transfection. Intriguingly, EFsec localization varied
depending on the cell line, being predominantly cytoplasmic
with faint nuclear staining in HEK-293 cells (Fig. 2A), cyto-
plasmic and nuclear in MSTO-211H cells (Fig. 2B), and pre-
dominantly nuclear in HepG2 cells (Fig. 2C). The expression
and subcellular localization of endogenous SBP2 were assessed
in the same three cell lines by using antisera prepared against
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FIG. 2. Subcellular localization of EFsec and SBP2. Confocal mi-
croscopy after immunofluorescent localization of transiently expressed
EFsec (EFsec txfected), endogenous SBP2 (SBP2 endog), and tran-
siently expressed SBP2 (SBP2 txfected) was performed for HEK-293
(A, D, G, and H), MSTO-211H (B, E, and I), and HepG2 (C and F)
cells. (A to C) EFsec (green) was visualized with 1:500 anti-FLAG/1:
500 anti-mouse antibody-FITC after transfection with a FLAG-tagged
expression construct. (D to F) Endogenous SBP2 (red) was visualized
with 1:1,000 SBP2 antisera/1:500 anti-rabbit antibody-rhodamine or
Texas Red. (G to I) Transiently expressed SBP2 was visualized with
1:500 anti-HA or 1:500 anti-V5 following transfection with epitope-
tagged expression constructs. (G) N-terminal HA-tagged SBP2 (red)
in HEK-293. (H and I) C-terminal V5-tagged SBP2 (green) visualized
with 1:500 anti-V5/1:500 anti-mouse antibody—Alexa Fluor 488 in
HEK-293 and MSTO-211H cells. Cell lines are indicated in white text
on the images. In some panels, 1:1,500 DAPI staining (blue) indicates
the nucleus of the cell. (J) Subcellular fractionation and Western
blotting analysis with FLAG antibody (left panel) and SBP2 antibody
(center and right panels) were carried out as described in Materials
and Methods. Numbers on the left side of the panel indicate molecular
masses in kilodaltons. cyt, cytoplasmic extract; nuc, nuclear lysate.

bacterially expressed SBP2. Strikingly, SBP2 exhibited patterns
of localization similar to those of EFsec in MSTO-211H and
HepG2 cells, i.e., nuclear and cytoplasmic staining in the
former (Fig. 2E) and predominantly nuclear staining in the
latter (Fig. 2F). As confirmation of the specificity of the anti-
SBP2 antisera, staining was found to be completely blocked by
preincubation of the antisera with bacterially expressed, puri-
fied SBP2 but not following incubation with an unrelated bac-
terially expressed, purified protein (data not shown). In con-
trast to the patterns in MSTO-211 and HepG2 cells,
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FIG. 3. EFsec and SBP2 contain functional NES and NLS signals. (A and B) Localization of transiently expressed FLAG-tagged EFsec
C-terminal domain in HEK-293 (A) and MSTO-211H (B) visualized by confocal microscopy using 1:500 anti-FLAG/1:500 anti-mouse antibody—
FITC. (C and D) EFsec C-terminal domain NLS mutant (K536E, K537E) in HEK-293 (C) and MSTO-211H (D) cells stained as described for
panel A. (E to J) Localization of mutant SBP2 constructs in HEK-293 (E, G, and I) and MSTO-211H (F, H, and J) cells visualized by

immunostaining with 1:500 anti-V5/1:500 anti-mouse antibody-Alexa
domain). Panels G and H indicate SBP2 517-777-V5 (transactivation

Fluor 488. Panels E and F indicate SBP2 399-777-V5 (minimal functional
domain). Panels I and J indicate SBP2 399-517-V5 (SECIS-RNA binding

domain). In some panels, blue staining with 1:1,500 DAPI indicates nucleus of the cell. Cyan areas indicate the merging of blue and green

fluorescence. (K) Subcellular fractionation and localization of EFsec

C-terminal domain, SBP2 399-777, and SBP2 399-517 was carried out as

described in Materials and Methods. Numbers on the left side of the panel indicate molecular masses in kilodaltons. Txfected indicates transfected.

cyt, cytoplasmic extract; nuc, nuclear lysate.

endogenous SBP2 was barely detectable in HEK-293 cells (Fig.
2D). Previous studies have shown that endogenous expression
levels of SBP2 mRNA are low in most tissues (13) and in
several cell lines (unpublished results). Localization of the
factors by subcellular fractionation and Western blotting re-
vealed a pattern similar to that observed with immunofluores-
cence for SBP2 in MSTO-211 cells (Fig. 2], center panel), but

a significant fraction of EFsec was detected in the nucleus in
HEK-293 cells (Fig. 2], left panel), suggesting differential sen-
sitivity of the two methods. Western blotting of subcellular
fractions with antibodies to cytoplasmic (GRB2) and nuclear
(histone H1) markers showed no detectable cross-contamina-
tion of subcellular fractions.

Localization of EFsec and SBP2 and expression levels of the
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FIG. 4. Nuclear colocalization and nucleocytoplasmic shuttling of SBP2 and EFsec. SBP2 minimal functional domain undergoes nucleocyto-
plasmic shuttling, as visualized in a heterokaryon assay using SBP 399-777-V5 transiently expressed in human MSTO-211H cells, followed by fusion
with mouse NIH 3T3 cells. (A) V5 antibody staining in nuclei from both cell lines (green) merged with DAPI staining and filamentous actin
localization with rhodamine-phalloidin (red). (B) DAPI staining used to distinguish human (diffuse) from mouse (punctuate) nuclei. EFsec 386-583
shuttles in the presence of SBP2 399-777. (C) Heterokaryon assay of EFsec 386-583 stained with anti-FLAG/1:500 followed by anti-rabbit
antibody-Alexa Fluor 546 (red) and SBP2 399-777 stained with 1:200 anti-v5/1:500 followed by anti-mouse antibody—Alexa Fluor 488 (green)
expressed in human MSTO-211H cells followed by fusion with mouse NIH-3T3 cells. (D) Blue fluorescence represents cell nucleus stained with
DAPI. Yellow areas indicate the colocalization of green and red fluorescence, pink areas indicate the colocalization of blue and red fluorescence,

and cyan areas indicate colocalization of blue and green fluorescence.

latter in the three cell lines revealed two interesting findings.
First, EFsec localization correlated with both the endogenous
levels and localization of SBP2, being predominantly cytoplas-
mic in cells with undetectable levels of SBP2 (HEK-293), but
colocalizing with SBP2 when levels of the latter are substantial
(MSTO-211H and HepG2). Second, expression levels of SBP2
in the three cell lines correlated with previously reported sel-
enoprotein expression levels. HEK-293 cells express low levels
of the glutathione peroxidases (GPXs) and thioredoxin reduc-
tases and undetectable levels of the iodothyronine deiodinases
and selenoprotein P (20, 36; unpublished results). MSTO-
211H cells, a human mesothelioma tumor-derived cell line,
express high levels of the mRNA for type 2 iodothyronine
deiodinase (15), and HepG2 cells endogenously express iodo-
thyronine deiodinases, selenoprotein P, and the GPXs and
thioredoxin reductases (unpublished results). These results
suggest that the levels of SBP2 may be the primary determi-
nant for both EFsec localization and selenoprotein synthesis
efficiency.

Overexpression of SBP2 results in predominantly cytoplas-
mic localization. To begin to assess the function of the pre-

dicted NLS and NES sequences, we introduced epitope tags
into full-length SBP2 expression constructs and carried out
expression by transient transfection, followed by immunofluo-
rescence staining. In either HEK-293 or MSTO-211H cells
transfected with an SBP2 expression vector, SBP2 staining was
predominantly cytoplasmic, which was in agreement with re-
cent results in SBP2-transfected rat hepatoma cells (32). This
pattern was observed with untagged SBP2 (not shown), SBP2
bearing an N-terminal HA tag (Fig. 2G), SBP2 bearing a C-
terminal V5 tag (Fig. 2H and I), or SBP2 fused at the C
terminus to green fluorescent protein (GFP) (data not shown),
indicating that localization was not influenced by the identity
of the epitope tag or its location in the protein. The difference
in the localization of endogenous versus transiently expressed
SBP2 does suggest, however, that localization may be affected
by expression levels, possibly due to changes in stoichiometry
relative to other cellular factors (see below). The localization
pattern in transfected HEK-293 was also confirmed by subcel-
lular fractionation and Western blotting, but in this case, a
faint SBP2 band was also detected in the nuclear fraction (Fig.
2J, right panel).



1800 DE JESUS ET AL.

Transfectants

EFsec
SBP2

EFsec
SBP2

EFsec
SBP2 399-777

MoL. CELL. BIOL.

Antibodies
EFsec (FLAG)

SBP2 (V5)

FIG. 5. Coexpression of EFsec and SBP2 minimal functional domain results in partial nuclear localization of EFsec in HEK-293 cells.
Localization was performed following cotransfection of EFsec and SBP2 (A to D) or EFsec and SBP2 399-777 (E and F). Panel A indicates EFsec
(FLAG antibody, red). Panel B indicates SBP2 (V5 antibody, green) plus EFsec (FLAG antibody, red). (C and D) Antibody plus DAPI staining
(blue) as for panels A and B, respectively. Panel E indicates EFsec (FLAG antibody). Panel F indicates SBP2 399-777 (VS5 antibody, green) plus
EFsec (FLAG antibody, red). Immunostaining conditions used were as described in the legend for Fig. 2; arrows indicate increased nuclear

localization of EFsec in cells coexpressing SBP2 399-777.

EFsec contains functional nuclear export and nuclear local-
ization signals. We next examined the localization of truncated
versions of EFsec to delineate the functions of putative local-
ization signals. The deletion of the N-terminal elongation fac-
tor domain, removing the putative NES (amino acids 95 to
103), resulted in the nearly exclusive nuclear localization of the
C-terminal SBP2-interaction domain of EFsec in HEK-293
and MSTO-211H cells (Fig. 3A, B, and K) and the elimination
of the faint cytoplasmic staining in HepG2 cells observed for
full-length EFsec (data not shown). Thus, the deletion of the
putative NES and the retention of the putative NLS in EFsec
resulted in nuclear localization. NLS function was further con-
firmed by the mutation of two amino acids in the putative NLS,
amino acids K536—E and K537—E, resulting in a reversion to
cytoplasmic localization in HEK-293 (Fig. 3C) and MSTO-
211H cells (Fig. 3D). Intriguingly, these two amino acids were
previously shown to be essential for interaction of EFsec with
SBP2 (39). The fact that the NLS and SBP2 interaction do-
mains of EFsec overlap suggests that their functions may be
mutually exclusive. In this view, the NLS would be masked

when EFsec and SBP2 are associated but available when EFsec
was free of SBP2 (see Discussion).

NESs and NLSs of SBP2 are functional. The presence of
multiple putative NESs and NLSs in SBP2, the strong pre-
dicted nuclear localization, and the previous demonstration
that the N-terminal domain containing three putative NESs
and two putative NLSs is dispensable for in vitro function (14)
all emphasized the importance of demonstrating the function-
ality of the putative localization signals. To this end, we as-
sessed the localization of three truncated versions of SBP2: (i)
amino acids 399 to 777 of the SBP2 region (SBP2 399-777),
consisting of the minimal functional domain with three puta-
tive NLSs and one putative NES; (ii) amino acids 399 to 517 of
the SBP2 region (SBP2 399-517), consisting of the transacti-
vation domain with two putative NLSs; and (iii) amino acids
517 to 777 of the SBP2 region (SBP2 517-777), consisting of
the SECIS RNA binding domain with one putative NLS and
one putative NES. In contrast to the strong cytoplasmic local-
ization of transiently expressed full-length SBP2 demonstrated
in Fig. 2G to J, all three truncated proteins exhibited strong
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FIG. 6. EFsec is predominantly monomeric in the cytoplasm but
exists in a complex in the nucleus. Cytoplasmic and nuclear extracts
from cells transfected with an EFsec expression plasmid were electro-
phoresed on nondenaturing gels to preserve noncovalent interactions,
followed by Western blotting for EFsec. EFsec was found to exist
predominantly as a monomer in the cytoplasmic extract (middle lane)
but migrated at ~150 kDa in the nuclear lysate (right lane). untxtf,
untransfected; cyt, cytoplasmic extract; nuc, nuclear lysate.

nuclear localization in both HEK-293 and MSTO-211H cells
(Fig. 3E to J). The same patterns were observed for each of the
truncated SBP2 proteins bearing C-terminal GFP fusions (not
shown). This indicated that one or more of the N-terminal
NESs are functional in nucleocytoplasmic export of the protein
and that at least one NLS in the region of amino acids 399 to
517 as well as the NLS in the region of amino acids 517 to 777
is functional in import. Subcellular fractionation of HEK-293
cells following transfection with the same SBP2 expression
constructs showed agreement in the localization of full-length
and truncated SBP2, with the full-length protein being pre-
dominantly cytoplasmic and the truncated proteins exhibiting
strong nuclear localization (Fig. 2J and 3K).

SBP2 contains a potential nucleolar localization signal.
Strikingly, SBP2 399-777 also exhibited nucleolar localization
(Fig. 3E and F), as did SBP2 517-777 to a lesser extent (Fig. 3G
and H), whereas SBP2 399-517 did not (Fig. 3I and J). This
suggested the presence of a functional NoLS within the region
of amino acids 517 to 777 of SBP2. These signals are not well
defined but typically consist of runs of basic residues, predom-
inantly arginine, lysine, and glutamine. A motif fitting this
pattern is found at amino acids 524 to 540 (Fig. 1B). A role for
ribosomal protein L30 in selenoprotein synthesis has recently
been described (9), providing a potential explanation for nu-
cleolar localization of SBP2, where recruitment of and/or in-
teraction with L30 might take place. Intriguingly, a patient
homozygous for a point mutation in this putative NoLS has
been identified and found to express decreased levels of sev-
eral selenoproteins, providing support for the functional im-
portance of this region (18).

SBP2 minimal functional domain undergoes nucleocyto-
plasmic shuttling. The presence of multiple NESs and NLSs in
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SBP2, its role in cytoplasmic selenocysteine incorporation and
its potential role in circumventing nuclear-associated NMD
suggest that this protein might undergo nucleocytoplasmic
shuttling. To assess potential shuttling, we carried out a het-
erokaryon assay in which the SBP2 minimal functional domain
was transfected into human MSTO-211H cells, followed by
fusion with mouse NIH-3T3 cells. Following 3 h of fusion,
SBP2 shuttling from the human to mouse nuclei was clearly
apparent (Fig. 4A and B).

SBP2 coexpression results in shuttling of the SBP2-interac-
tion domain of EFsec. To assess the potential influence of
EFsec-SBP2 interaction on localization, heterokaryon assays
were performed with the SBP2-interaction domain of EFsec
(amino acids 386 to 583 [EFsec 386-583]) in the presence or
absence of the SBP2 minimal functional domain (SBP2 399-
777). Consistent with the presence of an NLS but not an NES
in the EFsec C-terminal region, nucleocytoplasmic shuttling of
EFsec was not detected in the absence of SBP2 399-777. How-
ever, when SBP2 399-777 was included in the transfection,
shuttling of both factors was observed (Fig. 4C and D), sug-
gesting that EFsec may shuttle via its interaction with SBP2.

Coexpression of SBP2 and EFsec results in partial nuclear
retention of EFsec. To further test the possibility that EFsec
localization is influenced by its interaction with SBP2, we car-
ried out cotransfections of EFsec plus tRNASTISee with either
the full-length SBP2 (predominantly cytoplasmic) or the SBP2
minimal functional domain (predominantly nuclear) in HEK-
293 cells. The tRNAS15°¢ plasmid was included, as we have
recently shown that its presence greatly enhances EFsec-SBP2
interaction (39). Cotransfection of full-length EFsec and SBP2
in the presence of tRNAerISec regylted in the cytoplasmic
localization of both factors (Fig. 5A to D), as seen above when
either factor was expressed alone. However, upon the cotrans-
fection of full-length EFsec with the minimal functional do-
main of SBP2 in the presence of tRNASeISc g significant
fraction of EFsec was seen colocalizing with SBP2 in the nu-
cleus (Fig. SE and F). Thus, the localization of SBP2 to the
nucleus apparently results in the redistribution of EFsec, pos-
sibly due to increased nuclear retention in a complex with
SBP2 and/or other factors.

EFsec is found in a complex in the nucleus but is predom-
inantly free in the cytoplasm. To further investigate the pos-
sible link between EFsec localization and association with
SBP2, cytoplasmic and nuclear extracts from cells transfected
with EFsec were analyzed on nondenaturing gels to preserve
noncovalent interactions, followed by Western blotting. EFsec
was found to exist predominantly as a monomer in the cyto-
plasmic extract (Fig. 6, middle lane) but migrated at ~150 kDa
in the nuclear lysate (Fig. 6, right lane), a position consistent
with its existence in a heterodimer with SBP2. Gradient frac-
tionation of cytoplasmic extracts revealed EFsec in both free
mRNP and polysome fractions (33a), but complexes in associ-
ation with ribosomes would be excluded from entering the
nondenaturing gel.

SBP2 levels influence the levels of selenoprotein mRNAs
and proteins. Quantitation of three representative selenopro-
tein mRNAs in cell lines with low or high endogenous SBP2
revealed expression at levels ~7- to 90-fold higher in HepG2
(high endogenous SBP2) cells than that in HEK-293 cells (low
endogenous SBP2) when normalized to glyceraldehyde-3-
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phosphate dehydrogenase (GAPDH) mRNA (Fig. 7A). Trans-
fection of either full-length SBP2 or the minimal functional
domain (amino acids 399 to 777) into HEK-293 cells increased
the levels of endogenous selenoprotein mRNAs encoding
GPX1 and selP by ~1.4- to 2.8-fold (Fig. 7B). Similar but less
pronounced effects were seen with selenoprotein S and GPX4
mRNAs (not shown). In contrast, the effect of transfecting the
SECIS binding domain alone (amino acids 517 to 777) on
selenoprotein mRNA levels was not statistically different from
the effect of transfecting empty vector. Thus, either full-length
SBP2 or the truncated, nuclearly localized SBP2 399-777 frag-
ment is capable of increasing the steady-state levels of multi-
ple, distinct selenoprotein mRNAs.

As previous studies have implicated the nonsense-mediated
decay pathway in degradation of selenoprotein mRNAs and a
hallmark of this pathway is intron dependence, the effect of
SBP2 on the expression of mRNA from an intronless GPX1
cDNA was assessed. Upon transfection of either the full-length
SBP2 or the minimal functional domain, the level of GPX1
mRNA that was derived from the intronless cDNA did not
increase but, in fact, decreased. To ascertain the reason for this
decrease, we carried out subcellular fractionation prior to re-
verse transcription and real-time PCR. This revealed greatly
increased retention of mRNA from the intronless cDNA in the
nuclear fraction in response to SBP2 transfection. Nuclear
retention fully accounted for the decrease in cytoplasmic
mRNA. While the nuclear retention of intronless mRNAs is
consistent with previous reports, the reasons for the increase
with SBP2 transfection will require further investigation.

We also assessed the effects of expressing the SBP2 full-
length and truncated fragments on selenoprotein synthesis.
7>Se labeling of endogenous selenoproteins increased ~1.5- to
2.2-fold following transfection of full-length SBP2 or the SBP2
399-777 region. Incorporation of label was minimally affected
by transfection with the SBP2 399-517 region and was de-
creased upon transfection of amino acids 517 to 777 of the
SECIS binding domain (Fig. 7C and D).

DISCUSSION

The role of the selenoprotein synthesis factors in facilitating
efficient selenocysteine incorporation, thus circumventing
NMD, presents an intriguing problem which is clearly depen-
dent on the early and efficient recruitment of these factors to
the selenoprotein mRNA. Import of SBP2 to the nucleus
would allow binding to the SECIS element either during or
immediately after its transcription. However, for selenocysteine
incorporation to occur, EFsec and selenocysteyl-tRNASerISee
would also need to be recruited to the mRNA. Full-length
EFsec in HEK-293 exhibits both cytoplasmic and nuclear lo-
calization, but nuclear localization is more pronounced upon
coexpression of SBP2. Further, coimmunoprecipitation studies
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identify an EFsec-SBP2 complex in the nucleus of cells trans-
fected with both plasmids (33a). submitted for publication).
The overlap of the EFsec NLS with the SBP2-interaction do-
main and likewise of the EFsec NES with the elongation factor
domain invites speculation about the relationship between the
interaction of these factors and their localization. Interaction
between selenocysteyl-tRNABISec.EFsec and SBP2 in the cy-
toplasm is necessary for selenocysteine incorporation. How-
ever, some fraction of this complex may also be imported into
the nucleus via the NLSs of SBP2. Noncomplexed SBP2 (e.g.,
newly synthesized) would be predicted to undergo more rapid
or efficient import than SBP2 associated with EFsec, as three
of the predicted NLSs in SBP2 lie within the transactivation
domain and thus might be masked by interaction with the
elongation factor. In addition, one of the putative NESs over-
laps the RNA binding domain of SBP2 (13); thus, SECIS
binding may result in masking of this signal. EFsec or the
selenocysteyl-tRNAS" IS¢ EFsec complex may also undergo
import in the absence of SBP2 via the EFsec NLS, followed by
interaction with SBP2 in the nucleus (see Fig. 6). Nuclear
retention of the complex may occur via association with a
SECIS element until the selenoprotein mRNA and associated
complex are exported. Furthermore, upon import of EFsec,
export via its NES may also be masked by selenocysteyl-
tRNASer1Se¢ binding, allowing sufficient time for interaction
with SBP2. Thus, the import of these factors into the nucleus
and the assembly of selenocysteine incorporation complexes at
the SECIS element early in the life of selenoprotein mRNAs
could allow these UGA-containing mRNAs to circumvent
NMD during the first round of translation. Import and export
of EFsec and SBP2, either individually or complexed with each
other and their respective RNA ligands, is depicted in the
model in Fig. 8.

Several lines of evidence support a role for SBP2 as a key
player in circumventing NMD in higher eukaryotes. As men-
tioned in Results, selenoprotein expression levels differ signif-
icantly in the cell lines under investigation, with GPX1, seleno-
protein P, and 15-kDa selenoprotein mRNA levels being up to
2 orders of magnitude higher in HepG2 versus those in HEK-
293 cells, when normalized to B-actin and GAPDH mRNA.
Transfection of SBP2 into HEK-293 cells increased the levels
of GPX1 and selenoprotein P mRNAs, suggesting that SBP2
may stabilize these mRNAs.

Numerous studies have reported on the differential sensitiv-
ity of different selenoprotein mRNAs or even the same mR-
NAs in different tissues to degradation upon selenium deple-
tion (12, 25, 27). For example, classical cytoplasmic GPX1
mRNA levels fall to ~5 to 10% in liver following selenium
depletion in rats (11, 33, 38). The decline in GPX1 mRNA
upon selenium depletion has been shown to exhibit all the
hallmarks of NMD (33), resulting in the down-regulation of
the levels of this mRNA when selenium is not abundant. In

P (sel P) were assessed in HEK-293 cells by quantitative real-time reverse transcriptase PCR following transient transfection of the indicated SBP2
expression constructs. Note that transient transfection is not highly efficient; thus, increases in mRNA levels in the presence of SBP2 likely reflect
a fraction of the total cell population. Means were compared using Student’s ¢ test; P was <0.01 for all samples. (C) Selenoproteins were labeled
with sodium [Se]selenite following transfection of the indicated SBP2 constructs and analyzed by SDS-polyacrylamide gel electrophoresis and
autoradiography. (D) Densitometric quantitation of the four prominent selenium-labeled bands shown in panel C, numbered from top to bottom
of the gel. Means from two labeling experiments that were derived from independent transfections are given.
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FIG. 8. Schematic model for localization and interaction of EFsec and SBP2. Selenocysteyl-tRNA (yellow) binds to the N-terminal portion of
EFsec (blue) in the cytoplasm, and the complex of sec-tRNAS*-EFsec is imported into the nucleus via the C-terminal NLS of EFsec. SBP2 (red)
shuttles between the cytoplasm and nucleus via its NLSs and NESs. SBP2 binds to SECIS elements of selenoprotein mRNAs in the nucleus, either
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If this occurs in the cytoplasm, the NLSs of SBP2 are still exposed for import of the selenocysteyl-tRNAIS"ISe.EFsec-SBP2 complex into the
nucleus and binding of selenoprotein mRNA. Alternatively, SBP2 may interact with selenocysteyl-tRNASeIS¢“_EFsec in the nucleus. Finally, either
the mRNA export pathway or the NES of SBP2 would ultimately be responsible for the export of the complex into the cytoplasm for binding to
ribosomes and translation of selenoproteins. This model would explain not only the localization data presented herein but also the observation that

levels of SBP2 determine levels of selenoprotein expression.

contrast, phospholipid hydroperoxide glutathione peroxidase
is highly resistant to the effects of selenium depletion (3, 27, 34,
37). The selenoprotein mRNA and tissue-specific hierarchy
have long been speculated to be results of the differential
retention of selenium in different organs (2). However, the
studies reported herein suggest that other factors, including
SBP2 levels and subcellular localization, SBP2-SECIS interac-
tions, and sensitivity to NMD, may also play a significant role
in the hierarchy of selenoprotein synthesis.

Comparative analysis of the EFsec and SBP2 sequences in
higher and lower eukaryotes as well as archaea sheds addi-
tional light on the importance of the localization signals in
selenoprotein synthesis and NMD. Localization signals were
not detected in EFsec of C. elegans, and the only homology to
SBP2 we could identify in this organism was found in a protein
comprising only the SECIS binding domain. In accord with
this, the sole selenoprotein in C. elegans, a thioredoxin reduc-
tase, is predicted to be insensitive to NMD, as the selenocys-
teine and termination codons are both located in the last exon.
The NLS in EFsec was also not conserved in D. melanogaster.
Intriguingly, recent studies have indicated that the identifica-
tion of termination codons as premature in this organism does
not occur via exon junction complexes as is the case in verte-
brates (21), suggesting that NMD may not occur in association

with the nuclear fraction in insects. Localization signals are
also lacking in the archaeal homolog of EFsec, which is not
surprising, given the absence of nuclei. No SBP2-like factor has
been identified in archaea to date, but a recent report indicates
that this function may be served by the C-terminal extension of
archaeal EFsec (28), suggesting that recruitment of the ar-
chaeal elongation factor may occur in a manner that combines
features of prokaryotes and eukaryotes.

Further studies of the selenocysteine incorporation process
and the roles, localization, and levels of the factors involved
will provide exciting new insights into the cellular mechanisms
involved when an mRNA faces the “UGA, stop or selenocys-
teine” molecular dilemma.
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